The cellular mechanisms underlying the agonist-induced sustained contraction of the vascular smooth muscle are reviewed in the light of the use of Ca 2+ and the change of Ca 2+ sensitivity of the contractile apparatus. It is generally accepted that the main trigger for contraction of vascular smooth muscle is the elevation of intracellular Ca 2+ concentration. However, the measurement of intracellular Ca 2+ concentration during the sustained phase of agonist-induced contraction is reported to be lower than that of high K + stimulation or the value obtained by the experiments with chemically skinned smooth muscle preparations. These observations indicate that a second regulatory system may exist. One possible mechanism is the effectiveness of Ca passive pathways exist for Ca 2+ release into the cytoplasm: 1) a passive leak, 2) inositol 1,4,5-trisphosphate (IP 3 ) -activated channels, and 3) Ca 2+ -activated channels: Ca 2+ entry into the SR is energetically uphill and affected by a 100 kDa Ca 2+ ,Mg 2+ -ATPase, which is stimulated by cyclic adenosine monophosphate (cAMP) and cGMP.
Agonist-Induced Vascular Tone
Junji Nishimura, Raouf A. Khalil 
, and Cornells van Breemen
The cellular mechanisms underlying the agonist-induced sustained contraction of the vascular smooth muscle are reviewed in the light of the use of Ca 2+ and the change of Ca 2+ sensitivity of the contractile apparatus. It is generally accepted that the main trigger for contraction of vascular smooth muscle is the elevation of intracellular Ca 2+ concentration. However, the measurement of intracellular Ca 2+ concentration during the sustained phase of agonist-induced contraction is reported to be lower than that of high K + stimulation or the value obtained by the experiments with chemically skinned smooth muscle preparations. These observations indicate that a second regulatory system may exist. One possible mechanism is the effectiveness of Ca ]i is regulated by the fluxes of Ca 2+ between three anatomic compartments, the extracellular space (ECS), cytoplasm, and sarcoplasmic reticulum (SR). The following mechanisms mediate these Ca 2+ flows: Ca 2+ enters the cells passively through 1) a sizable Ca 2+ leak that may be the simple consequence of disruption of the bimolecular lipid leaflet by a wide variety of functional membrane proteins, 2) voltage-gated channels (VGC) of which two types, " L " and "T", have been identified, 12 and 3) receptor-operated channels (ROC), 34 one of which has been identified electrophysiologically. 5 The reverse flow of Ca 2+ from the cytoplasm to the ECS is driven by adenosine triphosphate (ATP) hydrolysis through a 130 kDa calmodulin and cyclic guanosine monophosphate (cGMP)-stimulated Ca 2+ ,Mg 2+ adenosine triphosphatase (ATPase) and to a variable extended by the inward Na + gradient through the Na + ,Ca 2+ antiporter. The situation in the SR is analogous to the plasma membrane in that three passive pathways exist for Ca 2+ release into the cytoplasm: 1) a passive leak, 2) inositol 1,4,5-trisphosphate (IP 3 ) -activated channels, and 3) Ca 2+ -activated channels: Ca 2+ entry into the SR is energetically uphill and affected by a 100 kDa Ca 2+ ,Mg 2+ -ATPase, which is stimulated by cyclic adenosine monophosphate (cAMP) and cGMP. 67 Of these 10 transport mechanisms, only the L type VGC are directly modulated therapeutically for the control of hypertension. The ROC and Ca 2+ pumps are affected indirectly through receptor agonists and antagonists. 46 Several reviews have been written recently concerning the above transport mechanisms. 8 -10 For this reason the present study will address the specific question: how do agonists affect extracellular Ca 2+ -dependent vascular tone? The main difference between depolarization and agonist-induced activation appears to be related to the activation of membrane bound enzymes, which are stimulated by the latter but not the former. The consequences of this appear to be twofold: 1) Agonist-induced influx is more effective in raising the [Ca The hypothesis of this study is that, to varying degrees, both these mechanisms contribute to more tension development per unit Ca 2+ influx during tonic agonist-induced contraction than during high K + -induced depolarization.
Superficial Buffer Barrier Besides increasing Ca 2+ entry through ROC and VGC, agonists may increase the effectiveness of Ca 2+ influx to induce smooth muscle contraction by inhibition of the putative SR Ca 2+ buffer barrier.
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According to the buffer barrier hypothesis, the superficial SR will take up Ca 2+ as it enters the smooth muscle cell and then release it preferentially toward the plasmalemma to be extruded via the plasmalemmal Ca 2+ pump. This hypothetical model predicts that 1) the proportion of Ca 2+ entering across the surface membrane and taken up by the superficial SR is crucial in determining the threshold value of Ca 2+ influx that activates tension, 2) the state of the SR with respect to its permeability to Ca 2+ and its rate of Ca 2+ ATPase activity partly determines the steady-state [Ca 2+ ] i; and 3) a variable outwardly directed Ca 2+ gradient exists in a narrow region (in the order of tenths of nanometers) just underneath the plasmalemma.
In the last decade a growing body of evidence has been accumulating to support this model. Earlier studies were based on measurements of tension and 45 Ca influx. One of these studies has shown that when a certain amount of Ca 2+ is introduced rapidly into the smooth muscle cell in a short period of time, it produces a faster and larger contraction than when the same net quantity of Ca 2+ enters more slowly over a long period of time. 12 It has also been found that as much as 200 fimol Ca 2+ may be transferred from the extracellular space to the SR within minutes without causing contraction. 13 Thus, the magnitude of contraction depends on the rate of net cellular Ca 2+ gain rather than on the magnitude of this gain. 12 release from the smooth muscle SR, it does not cause contraction by itself but enhances the tonic depolarization-induced tension. 20 This effect was explained as ryanodine interference with the SR Ca influx was stimulated by 20 mM K + . These results indicate that the ryanodine-induced reduction in the ability of the SR to accumulate Ca 2+ partially impairs the capability of the smooth muscle cell to extrude Ca 2+ from the cytoplasm. Since agonists also enhance SR permeability, one element of their ability to maintain vascular tone may be ascribed to inhibition of the SR to function as a Ca 2+ sink under steady-state conditions. Another element of agonist-induced tone is due to their effect on myofilament Ca 2+ sensitivity as described below.
The presently accepted theory for Ca 2+ activation of smooth muscle myofilament holds that actomyosin cross-bridge cycling is controlled by the degree of myosin light chain phosphorylation. 22 This 20 kDa light chain is phosphorylated by the calciumcalmodulin-sensitive myosin light chain kinase. According to Rembolt and Murphy, 23 two contractile states exist that have different dependencies on myosin light chain phosphorylation: 1) a state characterized by rapid cross-bridge cycling rates and shortening velocity regulated myosin light chain ratios of 0.3:1 (mol P/mol) and 2) a steady state or latch state characterized by equal active stress but low rates of cross-bridge cycling and unloaded shortening velocity, regulated myosin light chain ratios between 0.08 and 0.3 (mol P/mol). However, in the light of recent evidence that agonists are able to change the Ca 2+ sensitivity of the contractile apparatus, our present understanding of Ca 2+ activation may still be incomplete. ]j and tension development in vascular smooth muscle strips from ferret portal vein and aorta by use of the photoprotein aequorin. They found that a-adrenergic activation resulted in a peak of light emission during the period of force development, which fell to levels close to the basal values during force maintenance. In both ferret aorta and portal vein, Ca 2+ -force curves were obtained by plotting the steady-state level of tone induced by different degrees of K + depolarization or in the presence of various concentrations of phenylephrine at different concentrations of extracellular Ca 2+ . The curve for phenylephrine was shifted to the left compared with the curve for K + -induced depolarization, which was used as the control. In addition, these curves were much steeper, ranging from 200 to 400 nM Ca 2+ , than has been reported for chemically skinned smooth muscle preparations. From these results, they concluded that phenylephrine increases the sensitivity of the contractile apparatus to Ca 2+ and suggested that protein kinase C might be the cellular mediator for this sensitivity change. 35 original second messenger theory of diacylglycerol to propose that protein kinase C mediates the increase in myofilament calcium sensitivity.
Effects of Phorbol Esters
Tumor-promoting phorbol esters have been shown to dramatically increase the affinity of protein kinase C for Ca 2+ from the 10" 6 to the 10" 7 level. 36 These esters are found to induce contractions of different arterial smooth muscles, 37 - 40 through the activation of protein kinase C. In addition, they increase the amplitude of contractions induced by high K + . 41 .A role of protein kinase C in the sustained agonistinduced contraction of smooth muscle has been supported by the finding that the combined use of Ca 2+ ionophores and phorbol esters can produce a response comparable with that produced by carbachol in tracheal smooth muscle. 42 To elucidate the mechanism of phorbol esterinduced contractions it is again critical to correlate Ca 2+ concentration, force development, and the myosin light chain phosphorylation. Jiang and Morgan 43 reported that the resting [Ca 2+ ]j is both sufficient and required to support phorbol esterinduced contractions in vascular smooth muscles from ferret and rat aorta. Chatterjee and Tejada 44 reported that high stress in the skinned muscles from porcine carotid arteries was associated with low values of myosin light chain phosphorylation. They concluded that phorbol ester activation of protein kinase C contracts vascular smooth muscle by a mechanism that is not directly related to myosin light chain phosphorylation. Itoh et al 45 also concluded that 12-0-tetradecanoylphorbol-13-acetate (TPA), a potent phorbol ester, enhances the Ca 2+ sensitivity of the contractile proteins from the following observations. When the relation between acetylcholine-induced contraction amplitude and the Ca 2+ transient was observed in the presence or absence of 10 nM TPA (parallel measurements), TPA greatly reduced the Ca 2+ transient but did not modify the amplitude of contraction. In saponintreated skinned muscle strips, TPA with phosphatidylserine increased the amplitude of contraction evoked by various concentrations of Ca 2+ . TPA with phosphatidylserine also increased the amplitude of contraction evoked by 10 /xM IP 3 in chemically skinned muscle strips. On the other hand, Rembold and Murphy 46 reported that low doses of phorbol dibutyrate induced a modest contraction, associated with small, yet significant elevations in [Ca 2+ ]j and myosin phosphorylation. They concluded that protein kinase C may be involved in the regulation of transmembrane Ca 2+ flux, since phorbol ester exhibited the same Ca 2+ -phosphorylation relation as agonists.
Although the above survey of the recent literature tends to support a role for protein kinase C in modulating agonist-induced vasoconstriction, it fails to establish a clear link between receptors, protein kinase C, and myofilaments. A definitive resolution of this problem requires a skinned smooth muscle preparation that responds to receptor activation. This has now become possible as described below.
A New Method for Permeabilizing Smooth Muscle
Saponin, glycerine, or Triton treatment are the most popular methods for permeabilizing smooth muscle for the quantitative evaluation of [Ca 2+ ]jforce relations. 47 - 49 Unfortunately these preparations no longer respond to agonists 4849 due to the loss of important proteins for stimulus contraction coupling. 26 For example, it has been reported that saponin treatment causes a significant loss of calmodulin from the fibers. 50 A number of new methods for permeabilization have been tried in other cell types, by means of streptolysin O, 5 56 or a-toxin. 57 - 59 We employed a-toxin to permeabilize the arterial smooth muscle fibers, 60 since Hohman 61 reported that rat basophilic leukemia cells can be permeabilized to small molecules by a-toxin while maintaining the ability to degranulate in response to aggregation of immunoglobulin (Ig)E receptors.
Initially, Cassidy et al 62 used a-toxin to permeabilize rabbit ileum strips, but they did not use agonists to activate the muscle. a-Toxin is a cytolytic exoprotein produced by staphylococcus aureus. This toxin binds to the cell surface and forms hexamers with other toxin molecules, which insert into the plasma membrane to form pores of 2-3 nm diameter. 58 This limited pore size allows equilibrium of the cytoplasm with inorganic ions and small molecules but prevents the passage of proteins, including a-toxin itself, into or out of the cells. Figure 2 shows a-toxin-mediated permeabilization of the rabbit mesenteric artery smooth muscle to Ca 2+ and ATP. 60 After a-toxin treatment, the fibers developed tension as a function of Ca concentration. The fibers did not contract without added ATP, which indicates loss of endogenous ATP from the permeabilized cells. In addition, the permeabilized artery responded repeatedly to caffeine if the SR was previously loaded, which indicates that the function of SR was preserved while the plasmalemma was rendered freely permeable to Ca 2+ and ATP.
Norepinephrine-Induced Increase of Myofilament Sensitivity to Ca

2+
As shown in Figure 3 , application of NE to permeabilized smooth muscle bathed in 2 mM EGTA 0 M Ca 2+ solution induced a transient contraction if the SR had been previously loaded with Ca 2 *. 60 When NE was added to a 5xlO~7 M Ca 2+ solution, the response was biphasic with maintained elevated tension after a transient peak. A small maintained contraction was obtained even at 10~7 M Ca 2+ solution after depletion of the SR by cafiFeine ( Figure  6 ). These responses were not related to an artifactual remnant of intact cells since the latter do not respond to such low [Ca 2+ ] and, without replenishment of mM Ca 2+ , do not refill their SR. We routinely discharged the SR of the permeabilized cells with caffeine before subjecting them to submicromolar [Ca 2+ ], NE, and various guanosine nucleotides. In addition the NE-induced contractions could be abolished by guanosine 5'-0-(2-thiodiphosphate) (GDP-/3-S), a compound that does not enter intact cells. We could thus conclude that the permeabilization of rabbit mesenteric artery by a-toxin does not comprise the a-adrenergic receptor nor its signal transduction system.
The sustained NE-induced contraction of the permeabilized mesenteric artery, clamped at a [Ca 2+ ] of 10~7 M, therefore establishes that a-adrenergic receptor mediates enhancement of myofilament Ca 2+ sensitivity. The quantitative Ca 2+ -force relations are shown in Figure 4 . NE plus 100 fxM guanosine triphosphate (GTP) causes a profound increase in myofilament sensitivity to Ca 2+ , decreasing the EC 50 from 890 nM to 280 nM. In addition, 100 fiM GTP alone has small effect on the Ca 2+ -force curve.
GTP-y-S-Induced Increase of Myofilament Sensitivity to Ca
2+
Many hormones stimulate phospholipase C-catalyzed phosphatidylinositol 4,5-bisphosphate hydro- 68 To obtain further information regarding the transduction of the agonist-receptor interaction to the change in myofilament Ca 2+ sensitivity, we used guanosine 5'-0-(3-thiotriphosphate) (GTP-y-S) as the irreversible activator of G protein. As shown in Figure 5 , 10 fiM GTP-y-S induced large contractions, the pattern of which depended on the experimental conditions. 61 The contraction was phasic followed by maintained tension when GTP-y-S was applied to a 1.8x 10~7 M Ca 2+ solution after the SR was loaded with Ca 2+ . The contraction was transient when GTP-y-S was added to a solution containing 2 mM EGTA, 0 M Ca 2+ after the SR was loaded. It was monophasic tonic when GTP-y-S was added to 1.8x 10~7 M Ca 2+ solution after theSR Ca 2+ was depleted. The latter contraction could be reversibly inhibited by 20 (iM H-7, a compound that is reported to inhibit protein kinase C. 69 This concentration of H-7 caused only a small relaxation if the muscle had not been stimulated by NE or GTP-y-S. Furthermore, the effect of GTP-y-S was preserved after washing out of GTP-y-S, probably due to the inability of guanosine triphosphatase (GTPase) to hydrolyze GTP-y-S. Figure 4 shows the quantitative Ca 2+ -force relation in the presence of 10 nM GTP-y-S. 60 Direct activation of G protein by GTP-y-S caused an even greater increase in Ca 2+ sensitivity, shifting the EC 50 from 890 nM to 160 nM. Thus, GTP-y-S mimics the effect of NE in releasing the Ca 2+ from the SR and in causing an increase of myofilament sensitivity to Ca 2+ , indicating that G protein is involved in a-adrenergic receptor-mediated activation of phospholipase C in vascular smooth muscle.
The Ca
-sensitizing effects of NE and GTP-y-S were observed as increases in tonic tension even when the concentration of the Ca 2+ -EGTA buffer was raised to 10 mM, ruling out a possible contribution of the SR in this aspect of receptor or G protein activation. Figure 4 also shows that the extent of the change of sensitivity may be graded rather than "all or none" in character. In other words, the extent of leftward shift of the Ca 2+ -force curves may be variable. The potency order of the G protein activation illustrated in Figure 4 (i.e., 10 /xM GTP-y-S, 100 /AM GTP plus NE, or 100 yM GTP alone) could be explained by nonselective activation of G proteins associated with a number of receptor types (e.g., angiotensin or vasopressin), by GTP-y-S, selective activation by NE and GTP, or only partial activation by GTP by itself. Accordingly, the extent of G protein activation may determine the extent of the leftward shift of the Ca 2+ -force curve. However, it is unlikely that G protein activation directly sensitizes the contractile proteins, since the a-toxin-permeabilized fiber sensitized by GTP-y-S loses the high sensitivity state to Ca 2+ after the subsequent treatment by saponin (J. Nishimura and C. van Breemen, unpublished data). Thus, a factor that is permeable after the treatment with saponin but not after a-toxin may be playing an important role in the change of sensitivity of the contractile apparatus. Protein kinase C or the substrates of protein kinase C are probable candidates. The inhibitory eifect by H-7 on GTP-y-S-induced contraction suggests a role for protein kinase C in the agonist-induced myofilament sensitization.
Coupling of a-Adrenergic Receptors to G Proteins
As mentioned above, the effect of GTP-y-S may be nonselective, and we don't know at present how many sets of G proteins are present in vascular smooth muscle cells. For example, Kobayashi et al 49 reported that GTP-y-S induces Ca 2+ release from the SR of rabbit main pulmonary artery permeabilized by saponin. For this reason, the next experiment was designed to show that G protein is coupled to cell surface a-adrenergic receptors. solution buffered by 2 mM EGTA after the SR was depleted by 25 mM caffeine ( Figure 6A ). However, the size of NE-induced contraction in the absence of GTP was small and variable. Addition of 100 fiM GTP consistently increased this NE-induced contraction whereas 100 fxM GDP-j8-S inhibited it ( Figure 6B and 6C). The variation of the NE-induced contraction without GTP is likely to be due to the variability of the endogenous GTP. Thus, the inhibitory effect induced by GDP-/3-S on NE-induced contraction and the preferential requirement of GTP for NE-induced contraction indicated that G protein couples aadrenergic receptors to contraction.
ci-
In conclusion, it is now established that receptor activation by at least one agonist enhances myofilament sensitivity to calcium ions. It remains to be determined whether the mechanism underlying this sensitization maintains an invariable relation between myosin light chain phosphorylation and tension or involves the phosphorylation of cytoskeletal proteins and caldesmon as proposed by Rasmussen et al.
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